A new developmental mutant of Myxococcus xanthus has been isolated by screening TnV insertion mutants for AMI-dependent development in submerged culture. This mutant (ER304) aggregated and sporulated on agar surfaces but required at least 3.8 ,ug of autocide AMI per ml for development in submerged cultures. Spore rescue of ER304 was obtained with the saturated, monounsaturated, and diunsaturated fatty acid fractions of AMI, with specific activities of 68, 115, and 700 U/mg, respectively. In addition, several model fatty acids were capable of rescuing sporulation of ER304; however, there was no correlation between specific lytic activity observed in vegetative cultures and specific rescue activity. Rescue of ER304 was effected during the first ca. 12 h after the initiation of starvation conditions; after this time, addition of AMI or model fatty acids killed the cells. Supernatant fluids of ER304 rescued development in dsg mutants (e.g., DK3260) in submerged cultures, but dsg mutant supernatant fluids were incapable of rescuing ER304 development. The data presented in this article support the idea that the primary mechanism of rescue by AMI is not via lysis, although developmental lysis may be an indirect result of the rescue event. A membrane permeability model is presented to explain the role of autocides in early developmental events in wild-type strains and in the aggregation and sporulation rescue of developmental mutants ER304 and DK3260.
sporulation rescue of developmental mutants ER304 and DK3260.
Myxococcus xanthus, the most extensively studied member of the Myxobacterales, is a gram-negative, gliding bacterium, characterized by a complex, multicellular development program (33) . Development of M. xanthus, which culminates in the building of spore-filled fruiting bodies, is contingent upon the fulfillment of several conditions: (i) a minimal cell density, (ii) a solid substratum to support the aggregating cells, and (iii) nutritional downshift of exponentially growing cells (25) . Successful completion of the developmental process depends upon the proper functioning of many genes. Some of these genes are directly involved in the intercellular signaling necessary for coordinating specific multicellular activities (16) ; others affect development by controlling the motility (11, 12) or cohesiveness (27) of the cells.
Autocides are substances produced by vegetative M. xanthus cells which are capable of inducing lysis in the producing and related strains (29) . The two major autocides, referred to as AMI and AMV, have been isolated and chemically characterized (6, 30) . Autocide AMV is phosphatidylethanolamine (PE), the major component of the inner and outer cell membranes of M. xanthus. Autocide AMI, a mixture of saturated, monounsaturated, and polyunsaturated fatty acids, appears to be an enzymatic breakdown product of AMV and its active lytic moiety. In addition to its autolytic activity, autocide AMI has recently been shown to be capable of accelerating aggregation and sporulation in the wild-type strain and of rescuing aggregation and sporulation in dsg development mutants (23) .
Most of the development mutants which have been isolated to date were obtained following screening on agar substrata. Subsequently, the submerged-culture method was developed for inducing development on a polystyrene surface beneath a layer of liquid buffer (14) . This system has been used to study the developmental behavior of wild-type and mutant strains of M. xanthus (7, 20, 23) . The present * Corresponding author. study describes a novel development mutant, ER304, which was obtained following screening in submerged cultures for two properties: inability to form fruiting bodies and spores, and rescue of these developmental events by low concentrations of AMI.
To better understand the role of AMI in development of M. xanthus, we have (i) tested various subfractions of AMI and model lipids for lytic and rescue activities, (ii) determined the time interval during which the mutant can be rescued, and (iii) compared rescue of a dsg mutant with that of the newly isolated, AMI-dependent development mutant ER304.
MATERIALS AND METHODS
Strains and growth conditions. The developmentally proficient parent strain, M. xanthus DK1622 (13) , and developmental mutant strains DK3260 and DK3261 (dsg) (2, 15) , DK5057 (asg) (9) , and M380 (bsg) (8) were supplied by the laboratory of D. Kaiser. The csg mutant strain (DK2653) was supplied by L. Shimkets (28) . Strain ER304 was isolated in the present study. Escherichia coli K1060, a fatty acid auxotroph and derivative of K1059 (21) , was provided by P. Overath. It was grown in NB-CA medium (0.8% nutrient broth, 0.3% casamino acids [not vitamin free]) containing 0.02% fatty acid (e.g., oleic acid) and 0.5% glycerol. M. xanthus cell cultures were routinely grown in 1CT liquid growth medium (1% Casitone [Difco Laboratories], 0.2% MgSO4* 7H20) and on 1CT agar (1CT plus 1.8% agar); CF (9), 1CTT (10) , TMP (1) , and TPMP (8) agar media were prepared as described before. Water agar consisted of 2% agar in deionized H20.
Submerged cultures were performed as described previously (23) with MCM buffer containing 10 Autocides and model lipids. Preparation of autocides AMI and AMV and fractionation of AMI by AgNO3-silicic acid chromatography were performed as described previously (6, 30) . One lytic unit (U) of AMI is the equivalent of 1 p.g. Model fatty acids and phospholipids were purchased from Sigma, except for myristic acid, which was purchased from BDH Chemicals Ltd., Poole, England, and palmitic acid, which was from Fluka AG, Buchs, Switzerland. The iso-branched saturated fatty acids 10-methyl-undecanoic, 17 -methyl-octadecanoic, l1-methyl-decanoic, 20-methylheneicosanoic, 16-methyl-heptadecanoic, and 13-methyl-pentadecanoic acid were gifts from G. Odham (18) ; 13-methyltetradacanoic acid was purchased from Larodan Fine Chemicals (Malmo, Sweden).
Pl::TnV and me M tramductlos, mutant seletion, and screening. Pl::TnV, obtained from S. Inouye, was propagated on E. coli C600. Transductions of P1::TnV into DK1622 were performed as described by Furuichi et a. (5) . Transductants were selected on 1CTT agar plates, containing a final concentration of 75 Lg of kanamycin (Sigma) per ml. Development mutants were screened in submerged cultures. Ninety-six multiwell plates were filled with 100 pi.
of 1CT per well. Sterile toothpicks were used to transfer kanamycin-resistant clones from agar plates to submerged cultures. Each clone was stabbed with a toothpick, which was then dipped into a well containing 1CT growth medium and twirled to release cells. The multiwell plates were incubated overnight at 30°C, during which time the cells adhered to the polystyrene surface and multiplied. The medium was then aspirated and replaced with 100 ,ul of MCM buffer (23) . Aggregation in the wells was monitored over the course of several days. Any clone which did not aggregate under these conditions was screened a second time by the same method. The third screen was performed in submerged cultures by adding 25 ml of an exponential-phase cell culture, diluted to 3 to 6 Klett units (KU), to 8.5-cm-diameter petri dishes. Myxophage Mx8 (19) transductions were performed as described previously (11) .
Submerged cutures of wild-type and mutant strains. Routine submerged cultures, performed in order to characterize development mutant strains, were carried out in 24-well plates as described previously (23 QuantItion of eat-and on-resistant spores and total viable cels. Cells from individual wells were harvested, heated, sonicated, and plated as described previously (23) . An alternative method was used when entire plates of multiwells were harvested at the same time. Plates were heated in a 50°C incubator for 2.25 h, and the contents of each well were sonicated in situ three times for 15 s each. Appropriate dilutions were plated as described above. Agar plates were also heated for 2.25 h at 50°C before cells were removed with a sterile razor or spatula and treated as above. Sporuatlon iniquid shake flask cultures. Cells were grown, harvested, rinsed, and suspended in MCM starvation buffer as described previously (24); KU and the number of resistant spores were determined. Glycerol (0.5 M) or 0.7 M dimethyl sulfoxide was added to exponential-phase cultures of M. xanthus strains growing in 1CT medium and shaken at 30°C (4) . Cell samples were examined microscopically for shape and refractility changes.
Analytial procedwues. Release of fluorescent material into the supernatant fluid overlying submerged cultures of M. xanthus strains was determined as described previously (23) . Cohesion assays were performed on strains DK1622, DK3260, and ER304 as described by Shiitts (26) .
Phospholipase activity was measured with E. coli K1060, an auxotroph for fatty acids (21) . A 1CT agar plate was inoculated with an M. xanthus strain, which was allowed to grow at 30°C until vegetative colonies of 1 to 1.5 cm in diameter had formed. A soft agar overlay was prepared by adding 0.1 ml of an overnight culture of E. coli K1060 to 2.7 ml of NB-CA-G1 soft agar containing 0.15 ml of ethanol and 0.1% Triton X-100. Plates were incubated overnight at 37C and scored for growth of the E. coli auxotroph strain K1060 above the M. xanthus colonies. Properties of ER304 vegetative cells. Before we examined the developmental aberration of strain ER304 in more detail, several tests were conducted to characterize this mutant during the vegetative phase of its life cycle and to compare it with the dsg mutant DK3260. ER304 grew more slowly and attained a lower growth yield in 1CT and 1CTT media than either the parent strain DK1622 or the mutant DK3260. The cohesive characteristics of exponential-phase vegetative cells were similar for the two mutants and the parent strain, as was the ability to form spores when glycerol or dimethyl sulfoxide was added to exponential-phase cells.
An additional characteristic studied was colony size on 1CTT agar plates. dsg mutants have been shown to give rise to small, rounded colonies on 1CTT agar, although they produce, colony for colony, the same number of vegetative rods as the more spread out colonies of the parent strain DK1622 (3). Strain ER304 gave rise to colonies of the same average size and swarming morphology as did DK1622.
The phospholipase activity of ER304 and DK3260 was measured indirectly by using the fatty acid auxotroph E. coli K1060. When the auxotroph was plated in minimal soft agar in the absence of fatty acids, it did not grow. Good growth of the auxotroph occurred when the overlay was made over an existing colony of DK1622 or ER304.
Response of ER304 to various starvation conditions. ER304 was isolated as an aggregation-and sporulation-defective mutant in submerged culture. However, when plated onto CF, H20, or TPMP agar, ER304 aggregated and sporulated like the wild-type strain. On TPM agar, ER304 aggregated but did not sporulate.
A method recently described for producing resistant myxospores in liquid starvation shake flask cultures (24) was used to further characterize ER304. As shown in Fig. 1 , the decrease in turbidity (due to clumping and/or lysis) of the ER304 culture was less extensive than that of the parent DK1622 culture. Approximately 15% of DK1622 cells formed resistant spores under these conditions, whereas no resistant spores were detected in ER304 cultures. In contrast, cultures of the dsg mutant DK3260 incubated in liquid shake flask starvation cultures displayed a decrease in turbidity and a sporulation level similar to those of DK1622.
Developmental rescue of ER304 and DK3260 in submerged cultures by autocide AMI. Strain ER304 failed to aggregate and formed very few spores (<100/ml) in submerged cultures. However, when 6 ,ug of AMI was added to 1 ml of developing submerged cultures of ER304, developmental rescue was observed. This was expressed by (i) multicellular aggregation at 36 h, (ii) an approximately twofold increase in the concentration of released fluorescent material, bringing it to levels observed in the parent strain, and (iii) a large increase in sporulation proficiency (Fig. 2) . Although the rate of AMI-induced sporulation of ER304 was much slower than in the parent strain DK1622, the final yield of spores, 2 x 106 to 3 x 106 per ml, was similar in both strains.
Although concentrations of up to 1.8 ,ug of AMI per ml did not increase the level of sporulation in ER304, 3.8 ,ug of AMI per ml effected the production of more than 105 spores per ml (Fig. 3) . This value increased 10-fold, to 2.5 x 106 spores per ml, in the presence of 6.0, 7.7, and 12.2 ,ug of AMI per ml. Unlike ER304, the dsg mutant DK3260 showed a low but significant level of sporulation in submerged cultures in the absence of exogenous AMI, i.e., 2.5 x 104 spores per ml. Addition of 0.5 and 1.8 ,ug of AMI per ml increased this value to 3 x 105 and 1.5 x 106 spores per ml, respectively. Developmental rescue of ER304 by AMI subfractions and model fatty acids. Autocide AMI is composed of saturated, monounsaturated, and diunsaturated fatty acids (30) . Each of these fractions rescued ER304 development (Fig. 4) . Both the monounsaturated and the diunsaturated fatty acid fractions of AMI displayed sharp concentration peaks at which sporulation rescue was effected. The concentration peak for the monounsaturates was approximately 12 ,ug/ml, and that of the diunsaturates was at ca. 1.5 ,ug/ml. The rescue by the saturated fatty acid fraction was directly related to the concentration tested, i.e., the higher the concentration added to submerged cultures, the greater the number of resultant spores, for concentrations of up to 30 ,ug/ml.
The specific rescue activities of the three fatty acid subfractions of AMI are presented in Table 1 and compared with their lytic activities. Although the diunsaturates displayed the highest specific spore rescue activity, the saturated fraction had the highest ratio of rescue activity per unit of lytic activity.
Most model fatty acids tested were capable of rescuing sporulation of ER304, and some of them also rescued aggregation ( Table 2 ). The level of lytic activity was not proportional to the level of spore rescue activity. For example, the two saturated fatty acids, n-10:0 and n-12:0, displayed relatively low lytic activity but induced near maximal sporulation levels. Conversely, the triunsaturated fatty acid n-18:3 displayed the highest lytic activity ofall the fatty acids tested but induced only a moderate level of sporulation.
Iso-branched fatty acids constitute the major proportion of the saturated fatty acid subfraction of AMI. Seven model iso-and ante-iso-branched fatty acids (see Materials and Methods) were tested for the ability to lyse M. xanthus and to rescue development of ER304. Lysis of vegetative cells was induced by all seven substances tested; aggregation and sporulation were rescued only by 13-methyl-pentadecanoic and 13-methyl-tetradecanoic acids, the latter being the major component of the saturated fatty acid fraction of AMI (30) and of the total fatty acid content of M. xanthus (31) . Aggregation of the dsg mutant DK3260 was effected by all the iso-branched fatty acids tested.
Synthetic PE (j-oleoyl-y-palmitoyl) at 40 ,ug/ml was capable of inducing the formation of >106 spores of ER304 per ml in submerged cultures, whereas PE derived from E. coli was incapable of rescuing development ( Table 2 ). E. coli PE contains a mixture of, chiefly, palmitic (n-16:0), myristic (n-14:0), and palmitoleic (n-16:1) acids and cyclopropane.
Time-dependent rescue of ER304 and DK3260 by AMI. In all the rescue experiments described above, additions were made at time zero, the time when starvation conditions were initiated. Further experiments were performed to determine the time after which additions of AMI would be incapable of developmental rescue. A sharp decrease in the ability to rescue development of ER304 was observed when AMI was added after 13 h of starvation (Fig. 5) . Strain DK3260, on the other hand, could be rescued for at least 34 h after starvation was initiated.
To test for the possibility that loss of rescue activity of ER304 was due to cell death, cells taken after 13 to 73 h of submerged culture were plated for viability (Table 3 ). In the absence of AMI, the cells retained 50 and 33% viability at 27 and 73 h, respectively. Although a large proportion of cells of strain ER304 remained viable in submerged cultures to late times, it is possible that addition of fatty acids at times later than 10 h killed these surviving cells. Four hours after addition of AMI at 23 h, the viability of the cells was essentially unchanged compared with the viability of cells in the absence of AMI. However, after 28 h in the presence of AMI, the viability of ER304 cells had dropped by ca. 100-fold. This killing effect by AMI was even more accelerated when the autocide was added at 49 h of submerged culture. Within mutant, ER304. Unlike most other development mutants, strain ER304 can be rescued by autocide AMI. The only other development mutants that can be rescued by AMI are the dsg mutants, and they differ from ER304 in several characteristics ( Table 4 ). The fact that ER304 cells and supernatant fluid rescued development of the dsg mutants in submerged culture clearly indicates that ER304 is not a D signal mutant. Classical phenotypic complementation tests (17) , performed on agar medium, could not be performed with ER304 because of this strain's developmental proficiency on agar surfaces. Two possible (and not mutually exclusive) mechanisms may be invoked to explain the effect of AMI fatty acids on the development of M. xanthus: (i) lysis and (ii) altered membrane permeability. The first proposed mechanism is based on the observed lytic effect of low concentrations of autocides and model fatty acids on vegetative and starving M. xanthus cells (6, 29, 30) . The observation that a substantial proportion of a developing population of M. xanthus cells undergo lysis (22, 32) led to the notion that autocides affect development by initiating this observed developmental lysis, thus releasing cellular components necessary for development to proceed. Accordingly, rescue of development would be observed in mutants which were incapable of sufficient lysis to initiate development on their own.
Although autocides may be responsible for developmental lysis, the lysis hypothesis fails to explain how autocides rescued development of ER304 and the dsg mutants and accelerated development of the parent strain. Lysis is not an early event in the developmental program; it is generally observed at, or after, 24 h. In the present article, data have been presented indicating that AMI can effect developmental rescue of ER304 only within the first ca. 10 h after the initiation of starvation. After this time, addition of AMI actually does induce cell death, but does not lead to developmental rescue. Similarly, the acceleration of development in the parent strain DK1622 occurs within the first 12 h of development, well before lysis is observed. Thus, the timing experiments make it unlikely that the initiation of lysis is the primary mechanism of rescue of development by AMI; lysis may be a secondary consequence of AMI action.
An indirect argument against lysis as the sole mechanism of action of AMI is the observation that lytic activity to vegetative cells and rescue activity can be uncoupled. Although, in general, lipids which are capable of lysis are also capable of developmental rescue of ER304 (Table 2) , this is not always the case. For example, capric acid (n-10:0), with a low and questionable lytic activity, gave almost maximal rescue activity, whereas 13-methyl-tetradecanoic acid (i-15:0) displayed a moderately low rescue activity with a relatively high lytic activity. In addition, most of the isobranched fatty acids tested displayed lytic activity but no detectable spore rescue activity. It should be noted that the lysis activity of lipids was measured only on vegetative cultures; demonstration of developmental lysis has been reported in microbeads (22) , but the procedure is complex and does not lend itself to routine testing of lytic compounds.
The observation that aggregation and sporulation rescue by model lipids (Table 2) can be uncoupled strengthens similar observations of previous investigators that the two processes, although related and proceeding in concert, are parallel programs that can be brought to completion independently of each other (for review, see reference 33).
The second mechanism (membrane permeability) is based on the ability of fatty acids to insert themselves into cellular membranes, thereby increasing the permeability of the membrane. Increased permeability would allow signal molecules sequestered within the cell to escape into the surrounding environment; it would also allow signal molecules already free in the extracellular space to be taken up into the cell. Rescue, in this case, would be observed in mutants with an altered membrane, one which was resistant to permeabilization by the normal levels of autocides present.
The idea that development is accelerated and rescue is effected by the cell membrane being permeabilized earlier (in the parent strain) or more effectively (in the rescuable mutants) fits the present data better than a mechanism invoking lysis. Lower concentrations of fatty acids and phospholipids are capable of rescuing ER304 than are capable of lysing vegetative cells. The sublethal dose used in rescue studies might perturb the membrane only enough to permeabilize it, not enough to lyse the cells. After ca. 10 h, these same concentrations killed cells without rescuing development. This may be because developing cells tend to become more fragile (20) 
